INTRODUCTION
============

Selenium is an essential trace element that has been reported to provide many health benefits when it is obtained from the diet in adequate amounts in humans and many other life forms. For example, selenium is known to play roles in decreasing the incidence of cancer, delaying aging, augmenting the immune system, preventing heart disease, and supporting male reproduction and development ([@b3-molce-38-5-457]; [@b7-molce-38-5-457]; [@b9-molce-38-5-457]; [@b21-molce-38-5-457]; [@b25-molce-38-5-457] and references therein). Most of the benefits of selenium are mediated by selenoproteins, which contain selenocysteine (Sec) as a selenium-containing amino acid ([@b9-molce-38-5-457]; [@b25-molce-38-5-457]). The 15-kDa selenoprotein (Sep15) was initially identified as a strongly \[^75^Se\]-labeled selenoprotein in human T cells, and it shares homology with selenoprotein M (SelM; [@b8-molce-38-5-457]; [@b14-molce-38-5-457]). Similar to all other eukaryotic selenoprotein mRNAs, Sep15 mRNA uses UGA as a Sec codon, and a Sec insertion sequence (SECIS) element in the 3′-untranslated region ([@b15-molce-38-5-457]; [@b18-molce-38-5-457]). Although Sep15 is evolutionarily conserved in most animals and plants, only the vertebrate Sep15 homologs contain Sec. Similar to many other selenoproteins such as thioredoxin reductases and glutathione peroxidases, Sep15 has redox activity and belongs to the thiol oxidoreductase class of proteins ([@b6-molce-38-5-457]; [@b15-molce-38-5-457]; [@b16-molce-38-5-457]). Sep15 contains a signal peptide at its N-terminus and is localized in the lumen of the ER ([@b14-molce-38-5-457]; [@b16-molce-38-5-457]). It has been proposed that Sep15 in the ER participates in quality control of protein folding either through the rearrangement of disulfide bonds (isomerase function) or through the reduction of incorrectly formed disulfide bonds (reductase function) in misfolded glycoproteins bound to UDP-glucose:glycoprotein glucosyltransferase (UGGT) ([@b14-molce-38-5-457]; [@b16-molce-38-5-457]).

Sep15 has been implicated in cancer development, although its mechanistic role is not yet elucidated. The human *SEP15* gene is located at the 1p31 locus, a locus where mutations and deletions have been observed in various human cancer cells ([@b8-molce-38-5-457]; [@b19-molce-38-5-457]). The expression of Sep15 is decreased in liver, prostate, and lung cancers ([@b15-molce-38-5-457]), and in several human malignant mesothelioma cell lines ([@b1-molce-38-5-457]). There are two single nucleotide polymorphisms (SNPs) at nucleotides 811 (C/T) and 1125 (G/A) in the SECIS element of Sep15 ([@b8-molce-38-5-457]), and these SNPs were found to be associated with various cancers, including colorectal cancer ([@b5-molce-38-5-457]; [@b29-molce-38-5-457]), malignant mesothelioma ([@b1-molce-38-5-457]), and lung cancer ([@b11-molce-38-5-457]).

Recently, it has been reported that inhibition of Sep15 expression in *in vitro* and *in vivo* models of colon carcinogenesis reversed the cancer phenotypes. The knockdown of Sep15 mRNA in a colon cancer cell line led to the inhibition of colony formation, tumor growth, and lung metastasis ([@b10-molce-38-5-457]; [@b31-molce-38-5-457]). *SEP15* knockout in mice prevented chemically induced aberrant crypt formation presumably by regulating guanylate binding protein-1 ([@b30-molce-38-5-457]).

To obtain insights into the molecular function of Sep15 in human cells, we constructed a Chang liver cell line that inducibly expressed short hairpin RNA (shRNA) targeting Sep15 mRNA, and analyzed the effect of Sep15-deficiency on cell proliferation and motility. Sep15 deficiency inhibited cell growth by arresting cells in the G1 phase and decreased migratory and invasive ability of these cells. This study provides a possible mechanism of how Sep15 regulates cell proliferation and motility.

MATERIALS AND METHODS
=====================

Materials
---------

Chang liver cells were purchased from ATCC (\#CCL-13). G418 sulfate was purchased from AG Scientific. Anti-paxillin antibody, doxycycline, and Matrigel-coated invasion chambers with 8.0 μm pore size were purchased from BD Biosciences. Transwell chambers containing polycarbonate membrane with 8.0 μm pore size was purchased from Corning. Alexa Fluor 488 goat anti-mouse IgG antibody, pcDNA6/TR vector, blasticidin and TRIZOL reagent were purchased from Invitrogen. Rhodamin phalloidin was purchased from Life Technologies. pSuperior.neo vector was purchased from OligoEngine. Mo-MuLV reverse transcriptase was purchased from Promega. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), aphidicolin, blebbistatin, bovine serum albumin (BSA), cycloheximide, 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI), eosin Y, hematoxylin solution, nocodazole, propidium iodide, protease inhibitor mixture, Y-27632, and RNase A were purchased from Sigma. DNAs were synthesized from Cosmogenetech (Korea). The His-tagged Tat-C3 transferase exoenzyme (pHis-Tat-C3) expression vector was provided by Jae Bong Park and the recombinant C3 transferase was prepared as previously described ([@b22-molce-38-5-457]). Anti-MAD2 antibody (Santa Cruz) and anti-p-27 antibody (Santa Cruz) were obtained from H.S. Lee, and anti-p21 (Santa-Cruz) antibody, and anti-cyclin E1 antibody (Santa-Cruz) from N.V. Kim. Control siRNA and siSep15 RNA that has the same sequences as the stem region of shSep15 RNA were purchased from Dharmacon.

Cell culture and establishment of cell lines
--------------------------------------------

Cell culture and transfection of cells were carried out as described previously ([@b12-molce-38-5-457]). An inducible Sep15 knockdown cell line was constructed as described previously ([@b2-molce-38-5-457]). To construct a Sep15 rescue vector, two silent point mutations were introduced in the siRNA target sequence by performing two-step PCRs. In the first step, two DNA fragments (5′-half and 3′-half) were amplified from Chang liver cell cDNA prepared as described previously ([@b2-molce-38-5-457]) using two sets of primers; the forward primer1 5′-AAAATGGTAGCGATGGCG-3′ and the reverse primer1 5′-GTCTGAACCACG[C]{.ul}AC[G]{.ul}TAC-3′, and the forward primer2 5′-GTA[C]{.ul}GT[G]{.ul}CGTGGTTCAGAC-3′ and the reverse primer2 5′-GCTAGAATTCGGACTTTTCTGTAAGAATGTA-3′ (altered bases are underlined). The PCR products were subjected to nested PCR to amplify the final Sep15 rescue construct containing two silent mutations. The final Sep15 rescue construct was cloned into the *Bam*HI and *Eco*RI restriction sites of pRV.IRES.Puro. The vector (pRV.Puro.Sep15-rescue) was transfected into the shSep15 cell line and 1 μg/ml puromycin was added to the media for selection. The expression of Sep15 rescue mRNA was measured by employing quantitative RT-PCR technology using PCR primers specific for the altered *SEP15*.

Measurement of knockdown efficiency
-----------------------------------

After induction of shRNA expression by doxycycline (Dox) treatment, total RNA was isolated from pSuperior.neo.Sep15i containing cells and subjected to northern blot analysis. The probe for detecting endogenous shSep15 mRNA was prepared by amplifying a region of the Sep15 coding sequence using the following primers: forward 5′-AGGACTGCAAATCAAGTATGTC-3′ and reverse 5′-ACAAATGCAGGAGGATGGAC-3′. GAPDH mRNA was used as an internal control. To detect the Sep15 rescue mRNA, Sep15-Rescue specific forward primer, 5′-ACAAATGCAGGAGGATGGAC-3′, and the same reverse primer employed for probe preparation were used for PCR. The PCR conditions were as follows: denaturation at 95°C for 5 min followed by cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s and a final extension at 72°C for 10 min.

Synchronization of cells and flow cytometry
-------------------------------------------

After inducing expression of the shRNA targeting Sep15 mRNA for 3 days, cells were incubated with 5 μg/ml of aphidicolin or 100 ng/ml of nocodazole for 24 h. Flow cytometry was performed as described previously ([@b12-molce-38-5-457]). Briefly, cells were released from the aphidicolin/nocodazole block by washing with fresh medium and incubated for appropriate time periods before analysis. Cells were harvested and washed once with phosphate buffered saline (PBS), fixed in 70% ethanol at 4°C for 1 h, washed with PBS twice and, then resuspended with PBS containing 200 μg/ml of RNase A. After 10 min incubation at room temperature, cells were further incubated with 100 μg/ml of propidium iodide in PBS for 30 min at room temperature. Stained cells were analyzed using a FACS Calibur (BD Biosciences) flow cytometer and FlowJo software (World's Premier Cytometric Analytical Software).

Immunostaining and confocal microscopy
--------------------------------------

shSep15 cells were induced to express shRNA by adding 10 μg/ml of Dox overnight and then transferred onto a chambered glass slide. Immunocytochemistry was carried out as described previously ([@b27-molce-38-5-457]) with minor modifications. After the cells were fixed, they were permeabilized, blocked, and incubated with anti-paxillin antibody (1:500) and 3% bovine serum albumin (BSA) in PBS for 1 h at room temperature. The cells were subsequently incubated with Alexa 488 anti-mouse IgG (1:1,000) for 1 h at room temperature. For nuclear counterstaining, cells were stained with DAPI diluted in PBS (10 μg/ml) for 15 min at room temperature. Cells were imaged with an LSM 700 confocal microscope (Carl Zeiss). The excitation wavelength was 488 nm for Alexa 488, 540 nm for rhodamine phalloidin, and 350 nm for DAPI, respectively.

Western analysis
----------------

Western blot analysis was carried out as described previously ([@b13-molce-38-5-457]) using anti-p21 (1:1,000), anti-p27 (1:1,000), anti-cyclinE1 (1:2,000) and anti-MAD2 (1:1,000) antibodies. Anti-α-tubulin antibodies were used as controls, after stripping with stripping buffer (62.5 mM Tris/HCl, pH 6.8, 2% SDS and 100 mM β-mercaptoethanol) at 50°C for 10 min.

Endoplasmic reticulum stress assays
-----------------------------------

ER stress was analyzed by measuring the mRNA levels of glucose-regulated protein 78 (GRP78) and C/EBP homology protein (CHOP) and monitoring the generation of alternatively spliced X-box binding protein 1 (XBP1) mRNA.

### Measuring GRP78 and CHOP mRNA levels by quantitative RTPCR

After inducing knockdown in shSep15 cells for an appropriate time period, total RNA was isolated using TRIZOL reagent. First-strand cDNA was synthesized from total RNA and used as template in the subsequent PCR reactions. The cDNA levels were measured by quantitative RT-PCR technology using the following primers: GRP78 forward, 5′-GCTCGACTCGAATTCCAAAG-3′, GRP78 reverse 5′-GTCAGGCAGTTCTGGTCATT-3′, CHOP forward, 5′-ATGAGGACCTGCAAGAGGT-3′, and CHOP reverse, 5′-CCAATTGTTCATGCTTGGTG-3′. The PCR conditions were as follows; denaturation at 95°C for 5 min followed by 40 cycles of 95°C for 15 s, 55°C for 1 min, 72°C for 1 min and a final extension at 72°C for 10 min.

### Detection of alternatively spliced XBP1 mRNA

Total RNA was isolated and cDNA was synthesized as described above. PCR was performed using the following primers: XBP1 forward, 5′-CTGGAACAGCAAGTGGTAGA-3′ and XBP1 reverse, 5′-CTGGGTCCTTCTGGGTAGAC-3′. The PCR conditions were as follows; denaturation at 95°C for 5 min followed by 25 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s and a final extension at 72°C for 10 min. PCR products were separated by 4% agarose gel electrophoresis.

Wound healing assay
-------------------

Cells were grown to confluence in 6-well culture plates with or without Dox for 2 days and scraped with a yellow pipette tip to create a linear cell-free gap. After cells were washed with PBS 3 times, fresh medium with or without Dox was added. After incubation at 37°C for 4 days, the movement of cells into the wound area was photographed.

Migration and invasion assay
----------------------------

The cell migration assay was performed using Transwell chambers containing polycarbonate membrane with 8.0 μm pore size. Sep15 knockdown was induced by adding Dox for 2 days and, if necessary, the cells were preincubated with blebbistatin (10 μM), Y-27632 (5 μM) or C3 transferase (2.5 μg/ml) for 2 h, 1 h and 16 h, respectively, prior to transferring the cells onto the chamber. Cells were harvested and resuspended to make a final concentration of 1 × 10^5^ cells/ml with serum free DMEM media, and 0.5 ml of cell suspension was added into each chamber. The media obtained after harvesting the cultured shSep15 cells were added to the lower chambers of the plate. After incubation at 37°C for 12 h, unmigrated cells were removed with a cotton plug. The migrated cells were fixed with methanol and stained with hematoxylin and eosin Y. Stained cells were counted from the images taken at 200× magnification. Cell invasion assay was performed using Matrigel-coated invasion chambers with 8.0 μm pore size with similar methods used in the migration assay. The major differences were the final concentration of cells (4 × 10^4^ cells/ml) and incubation time (24 h).

Statistical analysis
--------------------

Each experiment was performed in biological triplicate for statistical analysis. Statistical significance was tested by the Student's *t*-test followed by an f-test to ensure the equality of the 2 variances.

RESULTS
=======

Sep15 knockdown inhibits cell proliferation
-------------------------------------------

Since Sep15 deficiency may be related to the suppression of colon carcinogenesis ([@b31-molce-38-5-457]), there is a possibility that Sep15 participates in the regulation of cell proliferation. To examine the effect of Sep15 deficiency on cell proliferation, we constructed a cell line that can be induced to express a Sep15-targeted shRNA. As described in Materials and Methods, we first used the pcDNA6/TR plasmid to generate a Chang liver cell line that can inducibly express the TetR gene in response to Dox. The successful insertion of this vector into the host genome was previously confirmed by Southern blotting ([@b2-molce-38-5-457]). pSuperior.neo.Sep15i, a plasmid that encodes Sep15 shRNA was then transfected into these TetR-expressing cells. Cell colonies that contained this vector were isolated and vector integration into the host genome was also verified previously by Southern blotting ([@b2-molce-38-5-457]). Of these colonies, one clone was chosen arbitrarily, renamed as shSep15 and used for all subsequent knockdown analyses. To reduce the possibility of an off-target effect of siRNA, we also constructed a rescue cell line (shSep15/Rescue) by transfecting a plasmid that harbors *SEP15* containing two silent mutations within the siRNA target sequence into shSep15 cells. The temporal knockdown efficiency of the shSep15 cell line was measured by northern blotting. Sep15 expression was significantly reduced one day after the induction of shSep15 expression by Dox (∼70%) and the knockdown efficiency reached over 90% by day 2 ([Fig. 1A](#f1-molce-38-5-457){ref-type="fig"}). Subsequently, the reduction of Sep15 mRNA was maintained. The shSep15 cells containing pRV.IRES.Puro (shSep15/mock) vector showed a similar pattern of expression of both endogenous and rescue mRNAs as the initial shSep15 cells. In contrast, although the levels of the endogenous Sep15 mRNA in shSep15/Rescue+Dox cells were reduced greatly, the levels of the rescue-specific Sep15 mRNA were not affected by Dox treatment ([Fig. 1B](#f1-molce-38-5-457){ref-type="fig"}).

The effect of Sep15 deficiency on the cell proliferation rate was measured using a MTT assay. We found that the proliferation rate of Sep15-deficient cells (shSep15+Dox) was significantly reduced from day 2 compared to Dox-untreated control cells (shSep15-Dox, [Fig. 1C](#f1-molce-38-5-457){ref-type="fig"}). Six days after knockdown, Sep15-deficient cells (shSep15+Dox) showed greater than 3.5-fold reduction in cell proliferation compared to control cells (shSep15-Dox). In contrast, the growth slope was significantly increased in Dox-treated rescue cells (shSep15/Rescue+Dox) compared to shSep15+Dox cells, but was similar to that of shSep15-Dox cells. These results suggest that cell proliferation was recovered by rescuing SEP15. It should be noted that the growth rate was increased in shSep15/Rescue-Dox cells compared to that of shSep15-Dox cells. This result indicates that the Sep15 status plays an important role in the regulation of cell proliferation. Interestingly, cell proliferation was resumed after Dox was removed from the medium at day 3 (shSep15+Dox, wash). Although the growth of shSep15 cells was recovered by Sep15 rescue, the growth rate of the Sep15-rescued cells was decreased when Dox was added (compare shSep15/Rescue-Dox with shSep15/Rescue+Dox). It seems that this difference is due to the Dox effect on cell growth. It, however, should be noted that the growth rate of shSep15/Rescue+Dox cells was not decreased under the control of shSep15-Dox. We also examined the effect of Dox on proliferation in control cells that express TetR. Although the addition of Dox to these cells affected cell growth negatively, they still showed a high growth rate compared to that of shSep15+Dox cells ([Fig. S1](#SD1){ref-type="supplementary-material"}). The growth rate of TetR+Dox was similar with that of shSep15/Rescue+Dox cells suggesting that Dox has a limited effect on cell growth. To exclude the effect of Dox on cell proliferation, synthetic siRNA was transfected into shSep15, shSep15/Mock and shSep15/Rescue cells, and cell proliferation was measured using the MTT assay in the absence of Dox. The backbone vector was used in preparing the rescue vector construct which was then used as the mock vector. Control siRNA served as a knockdown control. Control cell proliferation was not affected by siRNA treatment in shSep15/Rescue cells, while control cells (shSep15 and shSep15/Mock) showed a significant decrease in cell proliferation by siRNA treatment ([Fig. 1D](#f1-molce-38-5-457){ref-type="fig"}). At Day 4, the growth rates of control cells treated by siSep15 RNA were slightly increased. This appears to be due to the decrease of the RNAi effect at Day 4. These results suggest that Sep15 participates in the regulation of cell proliferation in Chang liver cells.

Sep15-deficient cells are arrested at the G1 phase
--------------------------------------------------

Cell proliferation is usually inhibited by arresting cells at a specific stage of the cell cycle. To examine if Sep15 deficiency causes cell cycle arrest, we performed fluorescence-activated cell sorting (FACS) analysis. In the asynchronized steady state, the relative amount of G1 phase cells compared to G2/M phase cells in Sep15-deficient cells (shSep15+Dox) was greater than in control cells (shSep15-Dox, compare the top two panels designated Asy in [Fig. 2A](#f2-molce-38-5-457){ref-type="fig"}), suggesting that Sep15-deficient cells are arrested at the G1 phase. To examine this in more detail, both normal and Sep15 knockdown cells were subjected to synchronization by treating these cells with aphidicolin for 24 h, and cell cycle progression was examined after release. When the cells were arrested at the G1 phase with aphidicolin, most of the control cells (shSep15-Dox) moved to the S phase 3 h after release and returned to the steady state within 24 h. In contrast, most of the Sep15-deficient cells (shSep15+Dox) remained in the arrested state (G1 phase), while only a small population entered the S phase approximately 6 h after the release and progressed through the cell cycle (see the right panels of [Fig. 2A](#f2-molce-38-5-457){ref-type="fig"}). TetR expressing control cells with or without Dox treatment showed a similar cell cycle progression pattern to shSep15 cells not treated with Dox ([Fig. S2](#SD1){ref-type="supplementary-material"}). In addition to the G1 phase arrest with aphidicolin, shSep15 cells were treated with nocodazole, which is known to arrest cells at the G2/M phase, and cell cycle progression was examined. Most of the shSep15+Dox cells remained in the G1 phase even during nocodazole treatment and only a small population progressed through the cell cycle after release (see the right panels of [Fig 2B](#f2-molce-38-5-457){ref-type="fig"}). However, the control cells (shSep15-Dox) were arrested at the G2/M phase by nocodazole treatment and moved normally to the G1 phase after release. Since many cell cycle-specific proteins such as cyclins and CDKs have been known to be regulated in their expression during cell cycle progression, we measured the mRNA levels of these proteins to determine whether Sep15 deficiency affects expression of cell cycle-specific genes. The levels of cyclin E1, p21 and p27 were examined by Western blot analysis. As shown in [Fig. 2C](#f2-molce-38-5-457){ref-type="fig"}, both p21 and p27 expression levels were increased significantly only upon Sep15 deficiency. Notably, the levels of p21 and p27 in shSep15/Rescue+Dox cells were similar to those in control cells (shSep15-Dox and shSep15/Dox-Dox), suggesting that Sep15 participates in cell cycle regulation, presumably by controlling the expression of p21 and p27. We also examined the expression of MAD2 by Western blot analysis. *Mad2* mRNA has been known to be highly susceptible to off-targeting by siRNAs, when the inhibition of cell cycle progression was observed ([@b28-molce-38-5-457]). We found that the levels of MAD2 were not changed in both knockdown and rescue cells indicating that cell cycle arrest was not caused by off-targeting effect ([Fig. 2D](#f2-molce-38-5-457){ref-type="fig"}). These results, together with the MTT assay, suggest that Sep15 participates in cell proliferation and cell cycle progression by regulating p21 and p27 expression.

Sep15 knockdown induces a mild ER stress response
-------------------------------------------------

Because Sep15 is localized in the ER lumen and it has been proposed to participate in quality control of protein folding ([@b14-molce-38-5-457]; [@b16-molce-38-5-457]), we tested if Sep15 deficiency leads to ER stress. Specifically, we examined the relationship between ER stress and Sep15 deficiency by analyzing several established biomarkers of ER stress in our cell line. As shown in [Figs. 3A](#f3-molce-38-5-457){ref-type="fig"} and [3B](#f3-molce-38-5-457){ref-type="fig"}, the mRNA levels of ER stress marker genes, such as GRP78 and CHOP, were both significantly increased by Sep15 knockdown; however, the level of induction differed for these two genes. Four days after knockdown of Sep15, the expression of GRP78 and CHOP was increased 2.5-fold and 9.5-fold, respectively. Notably, the mRNA level of CHOP in Sep15-deficient cells was similar to that induced by the ER stress activator, tunicamycin ([Fig. 3B](#f3-molce-38-5-457){ref-type="fig"}). However, the expression level of GRP78 was greater in cells treated with tunicamycin or dithiothreitol (DTT) than those with Sep15 deficiency ([Fig. 3A](#f3-molce-38-5-457){ref-type="fig"}). CHOP expression was also increased to a greater extent in cells treated with DTT. Dox addition to the TetR control cell line did not result in the induction of expression of these genes, indicating that Dox has no effect on their expression. The levels of CHOP mRNA were differentially increased in response to tunicamycin and DTT treatment. Tunicamycin increased CHOP mRNA levels 7-fold, a lesser extent than that induced by Sep15 deficiency, whereas DTT increased the expression of CHOP by approximately 43-fold ([Fig. 3B](#f3-molce-38-5-457){ref-type="fig"}). Next, we examined the alternative splicing of the XBP1 transcript in Sep15-deficient cells ([Fig. 3C](#f3-molce-38-5-457){ref-type="fig"}). The active form of XBP1, the smaller splice variant (lowest band, 398 bases), appeared 4 days after shSep15 cells were induced with Dox. However, the levels of the XBP1 active form (398 bases) were less than that generated in positive control treated cells. Interestingly, Sep15 mRNA levels were increased by tunicamycin and DTT treatment 2-fold and 1.5-fold, respectively ([Fig. S3](#SD1){ref-type="supplementary-material"}). This result is consistent with a previous report ([@b17-molce-38-5-457]) suggesting ER stress occurs normally and the pathway governing ER stress is similar in both systems. Together, these data indicate that the knockdown of Sep15 in Chang liver cells leads to the activation of the unfolded protein response (UPR), a measure of ER stress. However, the UPR state in shSep15 cells is mild compared to that induced by treatment with tunicamycin or DTT.

Deficiency of Sep15 inhibits cell migration and invasion
--------------------------------------------------------

Since colony formation and lung metastasis were found to be inhibited in Sep15-deficient colon cancer cell lines ([@b10-molce-38-5-457]; [@b31-molce-38-5-457]), and the cytoskeleton reorganization was induced by Sep15 deficiency ([@b2-molce-38-5-457]), we assumed that cell migration and invasion would be inhibited by Sep15 deficiency. The effect of Sep15 knockdown on cell migration was examined with both wound healing and Boyden chamber assays. A wound was introduced into a field of cells by scraping cells, and cell migration was assayed by measuring the width of the gap created over time. In control shSep15-Dox cells and Dox-washed cells, the gap gradually narrowed and was almost completely filled within 3 days of scraping ([Fig. 4A](#f4-molce-38-5-457){ref-type="fig"}). On the other hand, in shSep15+Dox cells, the gap width was only slightly reduced over the course of the same time period. In TetR-expressing cells, the gap filled rapidly regardless of Dox treatment. In this experiment, the initial density of Dox-treated cells was two-fold higher than that of untreated cells. This adjustment was necessary to ensure that the final cell densities 3 days after scraping were comparable in the 2 groups. Otherwise, the decreased migration could be considered to be due to the difference in cell proliferation and not the result of impaired migration. To address this question, we also performed a Boyden chamber assay. Sep15-deficient cells showed an approximately 25% decrease in migration compared to the shSep15-Dox control cells ([Fig. 4B](#f4-molce-38-5-457){ref-type="fig"}). Another striking feature of Sep15 deficiency was membrane bleb formation ([@b2-molce-38-5-457] and [Fig. S4](#SD1){ref-type="supplementary-material"}). In many cases, membrane blebbing occurs through the RhoA/ROCK pathway. Interestingly, Y-27632, a ROCK inhibitor, and C3 transferase, a RhoA inhibitor, both significantly increased migration of Sep15-deficient cells to the level of control Sep15-Dox cells ([Fig. 4C](#f4-molce-38-5-457){ref-type="fig"}). Notably, blebbistatin, a MLCK inhibitor, increased the migration of Sep15-deficient cells greater than Y-27632 and C3 transferase. Although it is not clear how the migration of Sep15-deficient cells was inhibited, these data suggest that membrane blebbing inhibits cell migration.

Because cell migration and invasion are closely related, we investigated the effect of Sep15 knockdown on the invasion of cells using a chamber coated with Matrigel (an extracellular matrix, ECM). The invasive behavior of Sep15-deficient cells was decreased greater than 30-fold relative to the control ([Fig. 4D](#f4-molce-38-5-457){ref-type="fig"}). On the other hand, the invasiveness of TetR or shSep15/Rescue cells was not affected by Dox addition indicating that Sep15 deficiency caused the loss of invasiveness. In addition, the invasion was recovered in Dox-treated shSep15 cells, when Dox was removed. Like migration, the addition of C3 transferase and Y27632 recovered the invasive ability to levels near that of normal cells, while blebbistatin increased the invasive ability much more than normal cells ([Fig. 4E](#f4-molce-38-5-457){ref-type="fig"}). Because the cells were incubated for a short time during the assay, the invasion rate would not be significantly affected by cell proliferation and, therefore, the number of cells that invaded the ECM is a measure of invasive ability. Remarkably, the knockdown of Sep15 inhibited cell invasion to a greater extent than cell migration.

Focal adhesions were moved to the periphery of the cell basement
----------------------------------------------------------------

The polarity of focal adhesions is frequently used as an indicator of cell migration. Interestingly, we found that the focal adhesions in Sep15-deficient cells became localized to the basolateral plasma membrane (+Dox of [Fig. 5A](#f5-molce-38-5-457){ref-type="fig"}), suggesting that the cells were only attached at the peripheral part of their membrane. In contrast, control shSep15-Dox cells had focal adhesions throughout their basal surface. The focal adhesions were enriched at the tip of each lamellipodium of control cells. However, Sep15-deficient cells, which are characterized by the lack of lamellipodia, lost this focal adhesion polarity. These data support the observed inhibitory effect of Sep15 knockdown on cell migration and invasion, because both lamellipodia formation and the polarity of focal adhesions are disrupted in Sep15-deficient cells. Moreover, the inhibition of RhoA and ROCK activity restored the polarity and distribution of focal adhesions, and filopodia/lamellipodia formation ([Figs. 5B](#f5-molce-38-5-457){ref-type="fig"} and [5C](#f5-molce-38-5-457){ref-type="fig"}). These results together with the migration and invasion assay suggest that Sep15 regulates cell motility through controlling localization of focal adhesions and formation of filopodia/lamellipodia.

DISCUSSION
==========

Sep15 has been implicated in cancer development ([@b8-molce-38-5-457]; [@b19-molce-38-5-457]; [@b15-molce-38-5-457]; [@b1-molce-38-5-457]; [@b31-molce-38-5-457]; [@b30-molce-38-5-457]). However, the mechanistic role of Sep15 during cancer development is not fully understood. In this study, we constructed an inducible Sep15 knockdown cell line from Chang liver cells and examined the phenotypic changes that occurred after the induction of Sep15 deficiency. Chang liver cells were originally reported as an immortalized human liver cell line, but later it was reported that these cells manifest many characteristics of HeLa cells which are cancer cells. We found that the inhibition of cell proliferation by Sep15 deficiency occurs through G1 phase arrest and that the expression of p21 and p27 was increased in Sep15-deficient cells. Both p21 and p27 proteins have been shown to inhibit cell cycle progression by interacting with cyclins and cyclin-dependent kinases (CDKs), and by affecting Rb phosphorylation ([@b26-molce-38-5-457]). When p21 was upregulated in the cells containing functional pRb, cells showed a tendency to be arrested at the G1 phase. However, G2 arrest was more prominent in Rb-negative cells ([@b20-molce-38-5-457]). Since cell cycle was arrested at the G1 phase, Chang liver cells seemed to contain active pRb. In addition to cell cycle regulation, p21 has been known to regulate cell motility. Synthetic p21 peptides inhibited cell spreading that was mediated by integrin signaling which dissociated the integrin receptor from focal-adhesion contacts. Moreover, p21 can interact with Rho kinase and inhibit stress fiber formation ([@b4-molce-38-5-457]). When Sep15 deficiency was induced in Chang liver cells, cell motility (cell spreading, cell migration and invasion) was inhibited, focal adhesions were formed only on the periphery of the cell basement and lamellipodial formation was also inhibited. Therefore, these effects of Sep15 deficiency on cell motility seem to be correlated with intracellular p21 levels. It was also reported that N-terminal phosphorylation of p27 and cytoplasmic translocation induced cell motility ([@b24-molce-38-5-457]). However, whether both p21 and p27 are required for cell motility and how they participate in cell motility remain to be determined.

The activation of the ER stress response by Sep15 deficiency supports its previously reported function as a participant in protein folding in the ER. An open question remains, which is how does Sep15, which is localized in the lumen of ER, regulate cell proliferation and motility? Because Sep15 participates in the folding of proteins in the ER, the deficiency of Sep15 may increase the population of misfolded proteins in the ER and/or cause the impairment of ER function. The accumulation of mis-folded proteins or malfunction of ER may inhibit cyclin expression and cell motility. It would be interesting to identify the protein(s) in the ER that regulate(s) cyclin E expression and cell motility.

The fact that focal adhesions were mislocalized to the lateral part of the basal plasma membrane, and that focal adhesions lost their polarity in Sep15-deficient cells supports the observation that cell migration/invasion was inhibited by Sep15 deficiency. The decrease in lamellipodia formation also provides evidence that Sep15 deficiency inhibits the migration/invasion of these cells. Blebbing cells treated with the inhibitors of RhoA, ROCK, or MLCK reverted to their normal spindle shape, restored lamellipodia and filopodia formation, and these cells had restored migration/invasion ability (see [Figs. 4](#f4-molce-38-5-457){ref-type="fig"} and [5](#f5-molce-38-5-457){ref-type="fig"}). The data provide insights into how Sep15 knockdown-induced membrane blebbing inhibits migration as well as invasion. Recently, it was reported that Sep15 deficiency causes the reorganization of cytoskeletal proteins and membrane blebbing through a RhoA/ROCK pathway ([@b2-molce-38-5-457]). Inhibitors of the RhoA/ROCK pathway recovered the impairment of cell motility suggesting that Sep15 is involved in cell motility by controlling the organization of cytoskeletal proteins. The results obtained in this study provide an interesting perspective on how Sep15 deficiency may contribute to the reversal of the cancer phenotype.
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Note: Supplementary information is available on the Molecules and Cells website ([www.molcells.org](www.molcells.org)).

![Sep15 deficiency leads to the inhibition of cell proliferation. (A) Efficiency of Sep15 knockdown after the induction of shRNA expression was measured by northern hybridization. GAPDH was used as an internal control. (B) Measuring the endogenous and rescue-specific Sep15 mRNAs by RT-PCR. cDNAs were amplified using specific primer sets as described in Materials and Methods. (C) Cell proliferation in shSep15-Dox cells (triangles connected with a solid line), shSep15+Dox (triangles connected with a dotted line), removal of Dox 3 days after induction of knockdown (triangles connected with a discontinuous line), shSep15/Res- cue-Dox cells (squares connected with a solid line), and shSep15/Res- cue+Dox cells (squares connected with a dotted line) were measured by a MTT assay. Data shown are representative of at least three independent experiments. (D) The effect of Sep15 knockdown using siRNA on cell proliferation. shSep15 cells were transfected with a solid line) or siSep15 (open squares with a dotted line), shSep15/Mock cells containing both shSep15 and rescue backbone vector (shSep15/Mock) with siCon (closed triangles with a solid line) or siSep15 (open triangles with a dotted line), and shSep15/Rescue cells with siCon (closed circles with a solid line) or siSep15 (open circles with a dotted line). Cell proliferation was measured by a MTT assay. Data shown are representative of at least three independent experiments and error bars stand for standard deviations.](molce-38-5-457f1){#f1-molce-38-5-457}

![Sep15 deficiency arrests cells at the G1 phase by downregulating cyclin E1 and E2 expression. (A--B) Sep15 knockdown caused cell cycle arrest at the G0/G1 phase. After the cell cycle was arrested by the treatment with aphidicolin (A) or nocodazole (B), cell cycle analysis was performed as described in Materials and Methods. The numbers 1 and 2 on the bottom of each panel represent the relative DNA contents of the G0/G1 and G2/M phases, respectively. The number of cells and release time after arrest are marked on the left and right side of Y-axis, respectively. Asy designates asynchronized cells. Data shown are representative of at least three independent experiments. (C) Western blot analyses to measure the levels of p21, p27 and cyclin E1 in shSep15+Dox versus -Dox cells and in shSep15/Rescue+Dox versus -Dox cells. (D) Levels of MAD2 in shSep15+Dox versus -Dox cells and in shSep15/Rescue+Dox versus -Dox cells were measured by Western blot analysis.](molce-38-5-457f2){#f2-molce-38-5-457}

![Sep15 knockdown induces the expression of ER stress response markers. (A) Relative levels of GRP78 mRNA in shSep15+Dox versus -Dox cells were measured. Treatment times and cell lines are indicated on the bottom of the graph. (B) Relative levels of CHOP mRNA. (C) Alternative splicing of XBP1 mRNA was induced by Sep15-deficiency. The 424 bp, 450 bp, and 398 bp XBP1 bands represent the unspliced, hybrid, and spliced forms, respectively. As a control, cells were treated with tunicamycin (TM) or dithiothreitol (DTT). ^\*\*^ indicates significance at *p* \< 0.001.](molce-38-5-457f3){#f3-molce-38-5-457}

![Effects of Sep15 knockdown on cell migration and invasion. (A) Measuring cell migration by the wound healing assay. After incubating the scratched cells for 4 days, cells were photographed at 40× magnification. (B--C) Cell migration assay using Boyden chamber. After staining, the migrated cells were photographed (200×) and counted. (D--E) Invasion assay using Matrigel-coated invasion chamber. After staining, the invaded cells were photographed (200×) and counted. After counting, relative cell numbers of each testing group against shSep15-Dox were calculated. ^\*^ and ^\*\*^ indicate significance at *P* \< 0.05 and 0.001, respectively. Error bars represent standard deviation obtained from 3 independent experiments.](molce-38-5-457f4){#f4-molce-38-5-457}

![Rearrangement of focal adhesion sites by Sep15 knockdown. (A) Cells were stained for paxillin (green) and F-actin (red). (B) Effect of inhibiting RhoA and ROCK signaling on focal adhesion distribution. Cells were treated with Y-27632 or C3 transferase were stained for paxillin. Scale bars represent 10 μm. (C) Lamellipodia formation was inhibited by Sep15 knockdown at the leading edge of migrating cells and was restored by the inhibition of RhoA and ROCK activity. The morphology of migrating cells was examined under a light microscope and imaged. Arrows indicate lamellipodia. Scale bars represent 20 μm. Where indicated, cells were preincubated with Y-27632 or C3 transferase for 1 h and 16 h, respectively, before seeding.](molce-38-5-457f5){#f5-molce-38-5-457}
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